Small multicellular model organisms such as the invertebrate nematode C. elegans and the vertebrate zebrafish provide unique opportunities for both basic science and pharmaceutical discovery. In recent years, there have been significant breakthroughs in technologies to manipulate and image these organisms for a variety of purposes ranging from behavioral studies of neuronal circuits to high-throughput screening. Here, we review these advancements with a particular focus on the optically transparent model organisms C. elegans and zebrafish. 
INTRODUCTION
The invertebrate Caenorhabditis elegans and the vertebrate zebrafish (Danio rerio) are the most widely studied multicellular organisms that are optically transparent, which allows imaging and quantification of many complex physiological processes in vivo ranging from development to aging and disease. The nematode C. elegans is one of the simplest eukaryotic model organisms, and it can be bred cheaply and quickly. It can reproduce asexually, so experiments can be carried out on large isogenic populations. C. elegans is transparent at all life stages, which permits visualization of individual cells and organs in intact animals. It also possesses a deterministic cell lineage and a stereotypical neural network, both of which have been mapped (1, 2) . C. elegans also was the first multicellular organism to have its genome completely sequenced (3) . RNA interference (RNAi), discovered in C. elegans, is extensively used and can be delivered to C. elegans through both feeding and soaking. Notably, within the past decade, three Nobel prizes have been awarded for the discoveries made by using C. elegans. Today, a variety of physiological phenomena can be studied using C. elegans.
Zebrafish is becoming an increasingly important vertebrate model used in both academia and industry owing to its complex yet optically transparent organs and its amenability for large-scale genetic and chemical studies. Various models of human diseases and processes have been generated recently in zebrafish including Parkinson's, Huntington's (4), and Alzheimer's (5) diseases; amyotrophic lateral sclerosis (ALS) (6) ; cardiovascular function (7); diabetes (8, 9) ; regeneration of the spinal cord (10) ; and other pathological processes in metabolism, infection, behavior, and carcinogenesis (11) . Zebrafish is the only vertebrate model organism that can be cultured in multiwell plates, facilitating high-throughput screening. For example, FT1050, the only drug under clinical trials that enhances endogenous adult stem cells, was discovered during screens on zebrafish (12) .
The choice of model organism depends on the biological question under investigation. For instance, the short life span and isogenic populations of C. elegans make it useful in studies of aging, and the ease of genetics in C. elegans allows rapid identification of signaling pathways. The simplicity and stereotypic nature of the C. elegans neuronal network allow the study of neural circuits at single-cell resolution. However, as a vertebrate animal with complex organs, zebrafish allows the study of a much larger spectrum of physiological processes and diseases relevant to mammalian and human biology. As a result, zebrafish has received significant attention from the pharmaceutical industry. C. elegans and zebrafish have attracted much attention owing to their respective advantages, and this has led to the development of novel technologies to manipulate these organisms. Table 1 summarizes some of the important aspects of C. elegans and zebrafish that are relevant to the development of these technologies. In this review, we cover these technologies separately for C. elegans and zebrafish as the differences in their size, genetics, behaviors, culture, and imaging requirements necessitate different approaches.
Caenorhabditis elegans

Technologies for Behavioral Studies
C. elegans shows remarkable sensitivity to its environment, and obtaining meaningful data often requires strict control over the experimental conditions. Because of C. elegans' small size, this level of control can be exerted in precisely defined structures created through microfabrication techniques. Additionally, the ability of C. elegans to grow in liquid allows the use of microfluidic technologies for manipulating both the animals and their environment. These microfluidic devices are most often made from the flexible transparent polymer poly(dimethylsiloxane) (PDMS) (13, 14) . Figure 1a ,b outlines the basic steps in PDMS device fabrication.
One of the earliest devices for controlling C. elegans' microenvironment was demonstrated by Gray et al. (15) to study oxygen-related behaviors. Using microfabrication methods, the authors constructed a PDMS device with a 200-μm-tall rectangular chamber with dimensions 3.3 × 1.5 cm. Holes were punched into the four corners of the chamber to allow for intake and outflow of air and nitrogen. By placing the intake/outflow of air on one side and intake/outflow of nitrogen on the other, the authors created an oxygen gradient across the long axis of the device. The device was placed over an agar surface, and the behavior of wild-type and mutant animals was observed. Wild-type animals were observed to avoid low oxygen regions below 2% as well as high oxygen regions above 12%. tax-2 and tax-4, which encode the two subunits of a 3 ,5 -cyclic guanosine monophosphate (cGMP)-gated sensory transduction channel, and gcy-35, which encodes a soluble guanylate cyclase homolog, mutant animals were found to be defective in hyperoxia avoidance. The small size of the main chamber allowed for control of the animals' environment that would be difficult to achieve through other means. Another novel approach by Qin & Wheeler (16) used microfabricated mazes to study the behavior of worms both individually and in groups. Microfabrication methods were used to mold PDMS with simple T-shaped and more complex branching U-shaped channels. These were placed on agar plates and used to observe the exploratory behavior of groups of animals with and without food. When a drop of the anesthetic NaN 3 was placed at the exit of the mazes, groups of animals could be run through the mazes, and their destinations could be measured by recording the number of paralyzed worms at the exits over time. This allowed the authors to assess the exploratory behavior, and they showed that the wild-type animals exhibited significantly more exploratory behavior than the dopamine-deficient cat-2 mutants. Additionally, exogenous dopamine made both types of animals more likely to explore the maze. Finally, to test associative learning associated with reward in individuals, the authors used a T-shaped maze with a reward at one end. By repositioning the maze after each trial, they could test if the worms would reach their destination faster in future attempts. Both wild-type and cat-2 mutant animals reached the destination faster with subsequent trials; however, when the reward was removed, the cat-2 mutants were less likely than the wild-type animals to "remember" where the reward was located.
In the laboratory, C. elegans is typically cultured on agar plates, but in the wild, it is found most commonly in soil, compost, or decaying leaf or fruit (17) . Agar plates are significantly different from the worm's natural environment, and this may affect observations of animal behavior. To represent C. elegans' natural environment more closely, Lockery et al. (18) created microfabricated PDMS devices consisting of a 50 μm × 1 cm × 1 cm array of small cylindrical posts bonded to glass in order to mimic moist soil. Owing to the precision achievable by microlithographic techniques, the authors were able to vary the size and spacing of the posts easily. Whereas the motion of the animals in the artificial soil device exhibited the same principal characteristics of the motion of crawling on agar, the constraints on motion caused by the posts likely better mimicked the complexity of C. elegans' natural environment. The use of microfluidics also facilitated precise environmental modification, which the authors demonstrated by modifying the NaCl concentration of the main chamber rapidly and immediately observing the effect on locomotion. Tracking animals through such a rapid media exchange would not be possible in a larger environment. To further study crawling behavior, the authors also created a PDMS microfluidic device that consisted of sinusoidal channels of varying wavelengths. These devices allowed the researchers to manipulate the oscillating body motion of the crawling animals; this technique can be used in investigations of the biophysical and neuronal mechanisms of locomotion and proprioception while also simplifying tracking of behavioral responses.
A similar investigation of C. elegans locomotion by Park et al. (19) studied swimming behavior. The authors used microfabrication to make molds that then were used to create posts for restricting movement of worms, but, unlike researchers conducting other investigations, the authors cast agar using the molds and left the devices unsealed. This simplified device fabrication and the loading and unloading of animals from the device. Interestingly, when microstructures with post spacings of 425-475 μm were used, animals moved much more rapidly and efficiently, reaching speeds tenfold greater than those reached in unstructured environments. This behavior was not observed in mutants deficient in mechanosensation, suggesting a greater importance of touch feedback in locomotory behavior than previously thought.
C. elegans locomotion was also studied by Chronis et al. (20) , who used a tapering channel to trap C. elegans but not to restrain it completely. Once the worm entered the channel, it was unable to escape, but the channel was wide enough for the animal to generate the sinusoidal movement patterns used in locomotion. By using transgenic animals expressing G-CaMP (a genetically encoded calcium sensor), specifically in the AVA interneurons, the authors were able to correlate neuronal activity with specific body motion patterns.
In the same work, the authors also introduced a novel olfactory chip for stimulation of the chemosensory neurons and detection of the neuronal activity by calcium imaging (20) . Investigating neural activity in response to stimuli in C. elegans is particularly challenging as C. elegans is highly mobile. The olfactory chip held the worm in a tapered channel, which restrained its motion but exposed its head to another microchannel. Four inlets then were used to switch between stimuli that flowed past the animal's nose. The authors were able to successfully measure calcium transients in the ASH sensory neurons in response to a hyperosmotic stimulus. The same device was used by Chalasani et al. (21) to characterize the C. elegans AWC olfactory neurons and their downstream interneurons. The authors expressed G-CaMP in C. elegans under cell-specific promoters, which allowed monitoring of the response of these neurons to the addition and removal of odorants. This enabled the correlation of the processing of odorants with specific neural activity and the subsequent behavioral responses. A fully automated form of this technology was reported recently by Chokshi et al. (22) , who noted significant differences in the calcium images between young and old animals.
Technologies for Sorting and Screening C. elegans
Behavioral studies are valuable, but they often are limited in either throughput or information content. For performing high-throughput screening (HTS) and high-content screening (HCS) in C. elegans, a different class of techniques is required. The methods described below enable manipulation of C. elegans by using their ability to survive in liquid, which allows the use of fluidics to transport animals rapidly. These techniques can be divided broadly into two categories: macroscale flow-cytometry methods, which generally offer higher speeds but lower resolutions, and microfluidics-based methods, which generally offer higher precision and detail.
Macro-scale flow-cytometry methods.
Flow-cytometry techniques such as fluorescenceactivated cell sorting (FACS) (23) are used frequently in modern biology and medicine for detection of marker expression levels in cells for high-throughput counting and sorting purposes. The COPAS TM Biosort (24) is a commercially available flow cytometer that has adapted FACS technology to sort C. elegans. Because C. elegans has a tapered cylindrical shape, is of small size, and can survive in liquid, the animals are well suited to such flow-based techniques. The fluidic lines of the Biosort are larger than those of a standard flow cytometer and can accommodate objects as large as 150-200 μm. While the worms are flowing at high speeds, the scattered light and fluorescence intensity levels from whole worms are measured. On the basis of the measured signals, animals exiting the system can be sorted between two possible output areas using a jet of air. The first area will contain the animals being sorted for and can be either a multiwell plate (containing 24, 96, or 384 wells) or a bulk container. The second area will contain a receptacle for the remaining animals, which can be recovered if desired. Each animal that flows through the system is measured for its size and optical density, as well as its green (500-520 nm), yellow (535-555 nm), and red (600-620 nm) fluorescence emission signals. The throughput achievable using flow-cytometry techniques is very high, reaching rates up to 100 animals per second.
Flow cytometers such as the COPAS system are limited to measuring one-dimensional (1D) fluorescence profiles of the animals as they flow by the optical detection area. Nonetheless, this can be quite useful, as Doitsidou et al. (25) demonstrated by using a forward genetic screen for mutations affecting dopamine cell fate. C. elegans possesses eight dopaminergic neurons among its 959 cells, so sensitive measurements are required to detect mutants with a reduced number of these neurons. The authors used a broadly expressed red fluorescent protein (RFP) background to control for changes in fluorescence expression of the green fluorescent protein (GFP)-labeled dopamine neurons. By sorting based on the ratio of green to red fluorescence, the authors isolated mutants with reduced neuronal GFP expression. These mutants included those with reduced GFP expression in some or all of the dopamine neurons and, most interestingly, those with a reduced number of dopaminergic neurons. Mapping of the mutations of the latter category revealed new genes affecting dopamine cell fate.
The large-bore fluidics of the COPAS Biosort are required for analyzing mature animals, but earlier stages of C. elegans are small enough to be compatible with standard FACS machines. Stoeckius et al. (26) used conventional FACS to collect tens of thousands of precisely staged C. elegans embryos. Typically, isolation of embryos from groups of gravid adults yields a wide range of embryo stages, ranging from single-cell embryos to nearly hatched larvae, and manual collection of precisely staged C. elegans embryos severely limits the amount of embryos collected. To isolate a large number of single-cell-stage embryos, the authors used a strain that expressed GFP in developing oocytes and in one-cell-stage embryos but that rapidly lost fluorescence beyond the single-cell stage. Sorting mixed-stage embryos obtained from gravid adults yielded a sample containing ∼70% one-cell-stage embryos. Because embryonic cell division progresses rapidly, the authors were unable to enrich this population further without methanol fixation of the embryos. However, fixation enabled sorting of ∼60,000 one-cell-stage embryos with >98% purity. In addition to one-cell embryos, the authors examined two-to four-cell-stage embryos (by selecting for cells with reduced fluorescence expression), older embryos (by selecting for cells with no fluorescence expression), postgastrulation embryos (by allowing isolated embryos to develop for 3 h at 20
• C), and a population of mixed-stage embryos. From these six sample types, the authors sequenced small RNA (sRNA) samples to study sRNAs in early embryogenesis. Among their findings were that most microRNAs (miRNAs) are expressed in the one-cell-stage embryo, suggesting maternal deposition of the miRNAs. They also showed that the miRNAs from the miR-35 cluster are most likely specific to the early embryo.
In addition, the use of conventional FACS to sort early larval stage worms was demonstrated by Fernandez et al. (27) . By making minor and reversible modifications to a commercial FACS machine, the authors were able to collect a nearly 100% pure population of first-larval-stage (L1-stage) mel-28 (28) homozygous worms from a mixed population using two passes through the machine. A mutation in mel-28, which is required for nuclear envelope integrity and chromosome segregation, was kept over a balancer chromosome containing a GFP marker and a recessive lethal allele. Thus, sorting for GFP-negative animals enabled a population homozygous for mel-28 to be obtained. The authors used these animals to perform an RNAi-based synthetic interaction screen on the genes from chromosome 1 and identified several genes that interact with mel-28. Collecting a large number of these animals would be challenging by other means because homozygous mel-28 mutations cause embryonic lethality in the progeny.
2.2.2.
Microfluidics for rapid immobilization, high-resolution imaging, and sorting. Techniques based on flow cytometry can process worms at very high rates, but they are limited to 1D fluorescence measurements as the animals pass by the detector. This limitation prevents many types of screens that require detection of cellular and subcellular phenotypes in vivo. To enable these types of screens, several innovative microfluidic methods have been developed, which we outline below. Many of these devices utilize multiple PDMS layers (Figure 1c ) and microfluidic valve elements (Figure 1d ) to rapidly control fluid flow on chip (29) .
We previously introduced the first suite of microfluidic technologies for high-throughput C. elegans studies (30) (31) (32) (33) . Among these is a microfluidic screening chip that enables rapid orientation and immobilization of C. elegans for subcellular-resolution imaging and laser microsurgery. The key features of this device are an array of small channels, which enables animals to be brought rapidly into the chamber from off chip, and a single suction port, which enables capture and isolation of a single animal from a group. A channel array then linearly orients the captured worm by aspiration (Figure 2a) . We enhanced the immobilization stability of this method further by using a flexible membrane that compresses the C. elegans to restrict its motion (31) . Applying pressure through a microfluidic channel above the main chamber where the worm is captured flexes the membrane downward (Figure 2b ). This immobilization method does not affect animal life span and provides stability comparable with chemical anesthetics (31) . The optimized system is capable 
C. elegans
Glass
Fluidic layers containing C. elegans
Additional fluidic layers
Key
PDMS
Figure 2
Microfluidic methods for C. elegans manipulation and screening. Fluidic layers containing the C. elegans are shown in red, and additional fluidic layers (if applicable) are shown in blue. Bottom layer in the cross-section view is glass. C. elegans is shown in black. (a) Positioning and partial immobilization using pressure differentials (30, 31) . A channel array is used to hold C. elegans linearly by aspiration. (b) Immobilization using a pressurized membrane (31) (32) (33) (34) (35) 45) . A thin membrane is flexed downward by the application of pressure through a microfluidic channel above the main chamber where a worm is captured. (c) Immobilization by CO 2 (35) . The gas permeability of poly(dimethylsiloxane) (PDMS) allows diffusion of CO 2 from the blue layer into the red layer containing the animals, immobilizing them. (d ) Immobilization using cooling (38, 39, 43) . Cold fluid (∼4 • C) in the blue layer can be used to immobilize C. elegans in the red layer. (e) Immobilization via tapered channels (41, 43, 98) . A tapered channel can passively immobilize C. elegans by flowing the animals toward a channel that gradually narrows in width.
of performing demanding optical imaging and manipulation, such as two-photon imaging and femtosecond laser microsurgery, and was used to screen a chemical library for factors affecting regeneration following surgery (32) (see Sections 2.4.1 and 2.4.5).
Immobilization of C. elegans using a pressurized membrane was also performed by Guo et al. (34) . Because these devices did not employ channel arrays to rapidly position and align the worms underneath the immobilization membrane, manual positioning was used instead. The effects of compressive immobilization on worm behavior was studied by Chokshi et al. (35) , who used a device containing static saw-like features that stimulated the worm to move in a sinusoidal pattern. This was used to measure worm speed following immobilization.
Chokshi et al. (35) also used the gas permeability of PDMS to immobilize C. elegans. In this method, as in compressive immobilization, an extra PDMS layer was fabricated to create a deadend channel above a chamber where the animal was confined. The channel was lightly pressurized with CO 2 , which diffused into the chamber (Figure 2c) . The exposure to CO 2 immobilized the animals, as had been shown previously in nonmicrofluidic environments (36) . Both immobilization methods offered stable immobilization of animals for imaging, and immobilization periods of ∼1 min did not affect worm locomotion patterns. For longer immobilization periods (>30 min), worms immobilized using CO 2 maintained similar locomotion patterns following immobilization, whereas worms immobilized using membrane compression had abnormal motion patterns. Additionally, worms immobilized using CO 2 exhibited reduced photobleaching after long-term immobilization.
Another approach enabling screening of C. elegans in microfluidic channels used cooling to halt animal motion (Figure 2d ). As with CO 2 , cooling had been used previously to immobilize worms for imaging (37) . Chung et al. (38) designed a microfluidic device featuring a channel containing cooled liquid below a central imaging chamber. This allowed rapid cooling of the animals for quick phenotype identification. This design also used a system to load animals into the main chamber from a bulk source. The authors used this device to analyze gene expression patterns in freely moving animals and to sort various phenotypes automatically. The authors later presented a software interface to simplify manual screening using this technology (39) , and also used this method for cell-body ablation (40) (see Section 2.4.5).
All of the microfluidic devices presented thus far utilized microfluidic valves (29) to control fluidic flow. Although these valves offer rapid and precise control of flow within microfluidic channels, they introduce an added layer of complexity in device fabrication and operation that may be undesirable for certain experiments. Hulme et al. (41) designed an array of 128 tapering microfluidic channels that used a branched channel structure to distribute animals among these array elements. These features allowed for passive loading and immobilization of multiple animals ( Figure 2e) . However, the lack of active control in this type of device prevents straightforward recovery of a specific animal within the array.
Microfluidics for Long-Term C. elegans Studies
Long-term studies of C. elegans present new challenges. The motility of C. elegans requires a method of keeping individual animals separated for tracking, while still allowing media exchange to provide nutrients and remove waste and eggs. To enable high-resolution on-chip imaging, the microfluidic immobilization techniques described in the previous section can be used, but the reduced speed requirements of long-term studies permit the use of additional techniques. Figure 3 outlines some of the additional techniques discussed in this section.
To cultivate and observe C. elegans for use in space, Kim et al. (42) developed an automatic compact disk system with minimal size and weight. Their device used capillary forces to control fluid flow in one direction (toward the center of the disk) and centrifugal forces to pump liquid in the opposite direction (toward the edge of the disk). The use of centrifugal force in this device also enabled it to be used for studying the effects of increased gravity on C. elegans. Two versions of the device were created: one from PDMS and one from polycarbonate. The PDMS version consisted of multiple polymer layers clamped between two acrylic plates. One layer contained the cultivation chambers, a loading chamber, and the microfluidic connections. The other layer contained the flow lines to enable waste removal from the cultivation to pass but kept the animals inside the chamber. This fluid flow also restrained the animals against the posts, facilitating their imaging (Figure 3a) . A multiplexed network of microfluidic valves was used to address the individual chambers, allowing loading of animals and specific compounds. The lines used to address these chambers could be washed easily to prevent cross-contamination.
Hulme et al. (43) described a microfluidic device that used C. elegans' fast development rate to isolate animals inside chambers. Their device contained 16 chambers whose input and output channels narrowed to 25 μm. This is sufficiently wide to load L4 worms into the chambers, but after 6 h at 24
• C, the worms increased in size and could no longer pass through the narrow output channels; consequently, they were trapped inside the chambers (Figure 3b) . A gentle flow perfused the chamber with bacteria and removed waste, eggs, and larvae, allowing the animals to be monitored throughout their adult life spans. The authors also integrated the tapering channel immobilization system they developed previously, allowing immobilization for higher-resolution imaging. They used these devices to monitor the change in body size and locomotion with aging.
Krajniak et al. (44) also developed a system for long-term C. elegans studies that kept animals inside their own screening chambers. This was achieved through the use of partially closed microfluidic valves (Figure 1d ), which allowed media exchange to introduce feeding bacteria and remove waste. Additionally, the authors used an approach to enable high-resolution imaging of the animals inside the chambers; they prepared a solution of the temperature-sensitive polymer Pluronic F-127 (PF127) that solidified when the temperature was raised from 19
• C to 21
• C via a heating channel above the chambers (Figure 3c ). PF127 enabled stable immobilization of C. elegans in ∼60 s and was shown to have no effect on egg laying, pharyngeal pumping, or number of progeny.
Ma et al. (45) used a branching network of chambers to study the effects of exposure to the active metabolite of the neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), 1-methyl-4-phenylpyridinium (MPP+). This technique used an immobilization membrane, similar to the systems described in the previous section, to restrain animals for imaging and an additional valve to ensure that the animals remain inside their individual imaging chambers. The device was shown to allow culture of adult animals up to 7 days and also was used to observe the decrease in the fluorescence of the dopamine neurons due to MPP+ exposure.
The microfluidic systems described thus far utilized microchambers to keep worms separated for tracking. Droplet-based microfluidic methods also can be used for this purpose. These methods use immiscible oil to ensure separation of individual encapsulated elements. These droplets can be divided or fused, and their contents mixed rapidly. Clausell-Tormos et al. (46) showed the use of droplets to encapsulate C. elegans. Individual eggs were encapsulated and were shown to hatch, mature, and reproduce inside the droplets. (43) . L4-stage animals enter the chambers through narrow fluidic channels, and after 6 h of growth inside the chambers, they grow large enough not to escape through the channels. (c) Immobilization in chambers by temperature-sensitive gels (44) . A solution of the temperaturesensitive polymer Pluronic R F-127 solidifies when the temperature in the chamber is raised using a layer containing heated liquid. Partially closed microfluidic valves allow media exchange while keeping the animals inside the chambers. PDMS, poly(dimethylsiloxane). Thermoelectrically cooled aluminum pins are inserted into wells containing animals. Animal(s) are immobilized within the well and are imaged or optically manipulated using inverted epifluorescence microscopy. Concurrently, neighboring wells are cooled such that the animals to be subsequently imaged are immobilized in advance, allowing high-speed screening.
by Shi et al. (47) to examine the effects of MPP+ exposure. The device consisted of a droplet generator to encapsulate L1 animals and media and a droplet trap array to hold 180 individual droplets at defined locations. The authors used this to study the effects of MPP+ exposure on C. elegans movement, although the observations were limited to 120 min. One of the major drawbacks of droplet-based microfluidic methods for C. elegans is that these methods do not provide a means to immobilize the animals for high-resolution imaging. The small size of the droplets and the lack of an easy means to replenish nutrients and remove waste have prevented long-term culture of C. elegans using droplet technologies. Additionally, the use of droplets for screening C. elegans using large-scale chemical or RNAi libraries has not been demonstrated owing to technical challenges.
Despite their advantages, microfluidic methods are still highly complex, and issues surrounding their design, fabrication, and reliability have hindered their widespread adoption. Additionally, integration of microfluidic techniques into HTS platforms has been too challenging because of the well-known "world-to-chip" fluidic interface issues. For large-scale screening, the use of multiwell plates is the standard. We recently demonstrated a technology to enable HTS of C. elegans entirely within multiwell plates using temperature modulation of individual wells (48) . The device consisted of an array of temperature-control elements (Figure 4a) , each comprising (a) an aluminum pin to control the temperature of an individual well, (b) a thermoelectric cooler, and (c) a copper pin to dissipate heat. The copper ends of the cooling elements were slotted into a larger copper backplane, which enabled further heat dissipation and allowed easy alignment of the cooling elements to the wells (Figure 4b) . Lowering the temperature in the wells stopped the movement of the animals, allowing high-resolution fluorescence imaging and precise optical manipulation such as femtosecond laser microsurgery (see Section 2.4.5). This system does not require any fluidic or mechanical components and thus can be operated for tens of thousands of cycles without failure and can noninvasively immobilize and image the animals (Figure 4c ) frequently over their entire lifespans. We used this method to perform single-neuron in vivo time-lapse analysis of the regeneration dynamics following laser microsurgery and showed that neurite regrowth occurring over short time windows was greater than that predicted by ensemble averaging over many animals.
Optical Techniques for Imaging and Manipulating C. elegans
Methods for manipulation and immobilization of C. elegans can enable the use of many precise optical techniques in a rapid and repeatable fashion. In this section, we summarize C. elegans techniques that are compatible with the methods described above.
Free-space imaging techniques.
Phase/interference contrast and epifluorescence microscopy are used commonly by C. elegans laboratories for both low-and high-resolution imaging. In addition to allowing rapid high-resolution imaging, techniques that enable stable immobilization of animals permit the use of additional imaging methods that allow precise measurements to be performed, such as those outlined in this section.
Laser scanning confocal (49) and two-photon (50) microscopies allow 3D imaging of fluorescently labeled features with high resolution and minimal out-of-plane fluorescence. However, scanning techniques require the worms to be stably immobilized in order to scan the animal and reconstruct 3D images. We previously demonstrated, following extensive optimization of the device design, that microfluidic immobilization can be used to immobilize awake animals with sufficient stability for scanning techniques such as two-photon imaging (31, 33) . Filippidis et al. (51) demonstrated the use of two-photon imaging in C. elegans combined with another nonlinear optical technique, second harmonic generation. By combining the two methods, the authors simultaneously mapped neurons (using two-photon excitation fluorescence) and musculature (using second-harmonic generation) in the C. elegans pharynx. These imaging modalities later were combined with third harmonic generation to enable 3D imaging of organs (52) and to monitor neural degeneration (53) .
Fluorescence-based techniques require that animals be labeled either chemically or genetically. For monitoring certain biological processes, fluorescent labeling can be inconvenient or may interfere with normal behavior. Coherent anti-Stokes Raman scattering (CARS) microscopy (54) allows specific, label-free in vivo imaging through detection of the characteristic vibrational spectrum of certain molecular bonds. Hellerer et al. (55) used CARS microscopy to monitor the effect of environmental conditions of mutations affecting metabolic pathways on lipid storage. A more recent investigation examined lipid metabolism in C. elegans using a combination of CARS, two-photon excited fluorescence, and confocal Raman spectral analysis (56) . Like two-photon microscopy, CARS also is a scanning technique that requires immobilization of worms for highresolution imaging. Coupled with a method for rapid and repeatable worm immobilization, CARS microscopy can accelerate in vivo investigations of lipid storage significantly.
Optogenetics techniques.
The use of calcium imaging and microfluidics to image the activity of specific neurons is discussed in Section 2.1. In addition to measurement of neuronal activity, control of neural activity in C. elegans can be achieved through the use of optogenetic methods. Optogenetics (57) is an emerging field that uses genetic targeting of light-activated channels and enzymes to manipulate neural activity in vivo precisely and rapidly. Channelrhodopsin-2 (62, 63) . Microfluidic techniques have been combined with optogenetics for rapid investigation of neural circuits in C. elegans (64).
2.4.3.
Lensless imaging of C. elegans. Microfluidic technologies and similar methods can be advantageous also owing to the small size and low cost of the resulting devices. However, nearly all of these devices are designed to operate on expensive and bulky compound microscopes, reducing these benefits. Several methods integrate on-chip imaging systems into devices for C. elegans screening. The first system to provide integrated imaging capabilities was the microfluidic shadow imaging system by Lange et al. (65) . This device was designed to enable culture and imaging of C. elegans to study the effects of spaceflight (here as part of a satellite payload) on C. elegans behavior. The significant size, weight, and power restrictions of a satellite payload preclude the use of standard microscopes, so the authors designed a 500-μm-tall transparent microchamber that was illuminated from the top using a light-emitting diode (LED). Such illumination casts a shadow of the worms onto a complementary metal-oxide-semiconductor (CMOS) chip below the chamber, allowing acquisition of still images and movies of the worms' behavior. The 3.2 × 2.5 mm oval-shaped culture chamber in which the worms resided was milled from polycarbonate, a gas-permeable membrane was bonded to the top of the polycarbonate, and an optically clear polyester film was bonded to the bottom. Animals to be imaged were loaded via a syringe, and the animals were kept inside the chamber using Teflon stop pins at the chamber inlets.
The system designed by Lange et al. (65) was created to monitor the behavior of whole organisms and was not designed to image cellular-or subcellular-level features. Traditionally, imaging these features requires an expensive objective lens housed inside a compound microscope. Without a lens, imaged features are limited by the sensor size of the detector, which is typically ≥5 μm. Optofluidics (66), the fusion of microfluidics and optics, offers a partial solution to this problem. Optofluidic microscopy (OFM) is a lensless method to image beyond the sensor-size limit, enabling on-chip high-resolution imaging in microfluidic channels (67) . In OFM, nematodes are flown through a narrow channel in a PDMS chip that is bonded to an opaque metal film into which an array of submicrometer holes have been etched. The film can be fabricated directly onto the detector array, and the holes are arranged to form a diagonal line across the channel. Each hole is designed to match to an individual pixel on the detector, so that line scans captured as the object flows past the array can be used to reconstruct a 2D image of the animal. Because the holes form a diagonal line, the spacing between imaged points across the channel can be adjusted by changing the angle of the line. This means that the 2D resolution limit of the system is limited only by the size of the elements in the hole array (and the detector speed). To properly unskew the image captured through the hole array, the flow velocity must be known. This is calculated using the duration between the time when the object being imaged passes an isolated aperture at one end of the array and the time when it passes the hole in the array with the same y-coordinate. If the object is rotating as it passes the detector array, it cannot be properly unskewed. Rotating objects can be detected, however, by comparing the line scans between the two apertures used to calculate flow velocity.
An early demonstration of OFM used a microscope to relay the signal from the hole array to the detector (67), whereas a later demonstration of the technique fabricated the array directly on a CMOS sensor with a 9.9-μm pixel size (68) . The latter demonstration used two sets of hole arrays to improve measurements of velocity and detection of object rotation. This technique was capable of capturing images of similar quality to those captured by a conventional microscope with a 20× objective lens; however, both demonstrations used fixed worms for imaging, and despite high theoretical imaging speed, the highest throughput observed was approximately five worms per minute. The same group recently demonstrated a version of the optofluidic microscope capable of imaging in color, which they used to image LacZ-stained fixed L1 animals (69) .
A significantly faster lensless method was demonstrated by Isikman et al. (70) , who used incoherent lensless in-line holography to image C. elegans at a resolution similar to that of a 10× objective lens over an area of >24 mm in less than one second (71) . Monochromatic, spatially incoherent light was passed through a small aperture 50-100 μm in diameter to image animals. The aperture sat 5-10 cm above the transparent sample plane that contained the animals, which was, in turn, situated 1-2 cm above a detector. This resulted in light with a 500-1,000-μm coherence diameter at the sample, and the scattering of the incident waves by the individual animals was recorded. Because the individual animals were smaller than the coherence diameter, they were effectively illuminated by the incident wave, and digital reconstruction techniques (72, 73) were used to restore the phase information lost during recording. The system worked with various wavelengths of incident light, and thus by combining images captured through different monochromatic sources, color images could be acquired. Isikman et al. (71) used this method to obtain monochromatic images of animals captured between two cover slips and color images of Ponceau-S-red-stained animals.
A significant limitation of all lensless imaging techniques is that they can acquire only 2D images, whereas many C. elegans studies require 3D microscopy.
Image analysis of C. elegans. Techniques enabling rapid imaging and manipulation of
C. elegans encounter a bottleneck in the rate at which data can be acquired and/or analyzed. Image processing can enable partial or complete automation of data gathering and processing, significantly augmenting the utility of some of the techniques described so far. In addition to the methods for analyzing still images of C. elegans described below, there are several algorithms for behavioral analysis. These have been reviewed recently (74) and are not covered extensively here. However, many of the techniques for motility analysis previously developed were designed for a particular animal environment (e.g., agar pads, fluidics, or microfluidic devices) and may be difficult to adapt to other environments. Recently, a framework to estimate an environmental model from a single image was demonstrated by Sznitman et al. (75) . This platform, based on a Mixture of Gaussians model, permitted analysis of behavior across a range of environments. To better understand neural mechanisms of behavior, Faumont & Lockery (76) demonstrated the use of a two-objective system to simultaneously monitor neuronal activity (by using a calcium-sensitive fluorescent reporter at high magnification) and behavior (by imaging a large field of view at low magnification). Ben Arous et al. (77) constructed a two-objective system incorporating feedback to control a motorized stage that allowed long-term automatic tracking of single worms within the field of view of a low-magnification objective lens for calcium imaging.
There are similarly several techniques for analyzing static images or image stacks of C. elegans to segment and analyze individual animals automatically; however, when C. elegans is anesthetized on agarose pads for imaging, the worms are oriented and curved randomly. Similarly, whereas we have used pressure differentials and compressive membranes to align animals linearly, many microfluidic techniques leave animals unoriented. This significantly complicates the comparison of worms, which would be simpler if all the animals were in a linear orientation. Additionally, if the animals could be straightened, less image data would need to be stored (the bounding box for straightened images of worms is, on average, 80% smaller); this benefit becomes significant for large-scale image-based screens. Recently, a "worm-straightening" image processing algorithm that operates effectively on both 2D and 3D images was developed (78) . The algorithm calculates the worm "backbone," a 1-pixel line that passes from the tail to the head through the center of the worm (in 2D or 3D) . Once the backbone has been determined, the planes orthogonal to the backbone are found. These planes are then rotated and restacked along a linear backbone to create the straightened worm image.
An additional challenge is faced when imaging multiple nematodes because the animals may cluster together. This significantly complicates identification of individual animals if they overlap. To overcome this, Wahlby et al. (79) developed an algorithm to extract individual animals from clusters. To identify the individual animals, the authors used a probabilistic shape model to represent the variability in a worm's body orientation. They began by using a learning methodology and a training set of individual animals to determine the space of possible worm positions and their likelihood. The authors assumed that any detected object having a size greater than 1.5 times the mean worm size is a cluster, and, by calculating the pruned skeleton of the worm cluster and cutting it at the branch points, the authors obtained an undirected graph that represented possible arrangements of worms that could result in the observed clusters. The training enabled the algorithm to select the most probable arrangement of worms that would produce the cluster, allowing reliable worm segmentation.
Body straightening and segmentation algorithms enable simplified or automated image acquisition and can also facilitate comparison of animals. However, further techniques are necessary to analyze detailed phenotypes. For this purpose, Orlov et al. (80) developed pattern-recognition methods to assess the relative age of C. elegans automatically. Differential interference contrast (DIC) images of the terminal bulb of the pharynx and fluorescence images of the body wall muscles were used to train a network using supervised machine learning. The prediction of age for individual worms was not very high, but the mean prediction for groups of worms was very accurate using this technique. The same group used pattern recognition of DIC images of the pharynx in age-grouped animals to show that there is a distinct stepwise transition between morphologies in aging (81). They then studied the effect of neurotransmission mutations on the rate of these transitions. The authors also were able to identify mid-life morphological states that could accurately predict future decline. C. elegans is a powerful model for studying aging, and automated patternrecognition methods in combination with techniques enabling high-throughput and high-content imaging can significantly enhance investigations in this area.
One of the most interesting properties of C. elegans is its well-characterized and stereotypical development and anatomy. Its cell lineage has been completely mapped (1, 82) , as has the wiring of its neuronal network (2) . Although the C. elegans cell lineage has long been known, the exact 3D positions of the ∼1,000 C. elegans cells during development were previously undocumented. Long et al. (83) have endeavored to create a 3D digital atlas of C. elegans' cells during the L1 stage. Previous work had examined cell lineage tracing in the dividing C. elegans embryo up to the 350-cell stage (84) , and this later was extended to enable spatiotemporal characterization of gene expression on a per-cell basis (85) . In the embryo, cells can be identified by tracking them as they divided, but in a further developed animal, all nuclei must be identified without using temporal or lineage information.
To create such an atlas of cells, Long et al. (83) used DAPI staining to label the nuclei of all 558 cells at the L1 stage and GFP to label the 81 body-wall muscle cells (plus 1 depressor cell). The authors then captured images using a confocal microscope with a 63× oil lens. Imaged animals were straightened automatically using the technique described above, and a segmentation algorithm was used to determine the cell locations. These results were manually validated, corrected, and annotated using a system previously developed by the same group (86) and existing cell annotation information. Finally, the image stacks were mapped into the same canonical space to enable comparison. Of the 558 L1 cells, 357 could be segmented and annotated reliably and were included in the 3D atlas. The nuclei that could not be well characterized were located mainly in the cell-dense region of the head, and higher-resolution imaging methods could possibly overcome this difficulty. By expressing mCherry under specific promoters, the atlas was used to determine the expression levels of different proteins with single-cell resolution. This way, the authors were able to analyze the expression patterns of 93 different proteins in 363 cells of L1-stage nematodes (87).
2.4.5.
Laser microsurgery in C. elegans. Ultraviolet (UV) laser ablation of individual cells in C. elegans anesthetized on agarose pads is a well-established technique in nematode research (88, 89) , which allows study of a variety of processes, including the roles of individual neurons in neuronal networks and the interplay of cell-cell interactions on cell fate. However, out-of-focus absorption of UV light can cause uncharacterized collateral damage. The use of ultrafast nearinfrared laser techniques enables highly localized ablation of subcellular features such as single axons with minimal collateral damage ( Figure 5) . Tissue is normally highly transparent to photons with low-energy near-infrared wavelengths. However, when such photons are focused both in space (via objective lens) and in time (via use of femtosecond short pulses), multiple photons can have sufficient energy to be absorbed simultaneously and generate quasi-free electrons. We previously described in detail the construction of a system to perform these experiments (90) . In 2004, we demonstrated use of femtosecond laser microsurgery in the study of axonal regeneration in C. elegans (91, 92) , which later was adapted by several groups (93) (94) (95) (96) (97) . The neurites of motor neurons were cut in vivo using low-energy infrared laser pulses with ultrashort durations (10-40 nJ per 200 fs short pulse) delivered at a rate of 1 kHz (91, 92) . Full neurite regrowth, along with recovery of locomotive response following touch stimulus, was observable 24 h post surgery. We and others also have used microfluidic immobilization of C. elegans (31, 34) to perform laser microsurgery for in vivo studies of neuronal regeneration. We recently showed the first use of microfluidic technologies for large-scale small-molecule screens for factors affecting neural regeneration in C. elegans (32) . To enable incubation of large numbers of animals in chemical libraries, we developed a mechanism to load animals to and from standard multiwell plates rapidly and reliably. We also developed a simple and fast software interface to quickly target the laser to the surgery position at a preset surgery distance from the soma of the neuron to allow highthroughput in vivo laser surgery. These modifications enabled microprecision surgery rates of approximately 20 s per animal, which included the time to transfer animals from multiwell plates and immobilize them. Among several findings, our screen identified that protein kinase C (PKC) kinases modulate regeneration of PLM mechanosensory neurons in C. elegans, and we showed that the small-molecule PKC activator prostratin enhances regeneration of neurons in vivo.
Recently, microfluidic methods also have been used to automate laser ablations of whole cell bodies. Chung & Lu (40) used their microfluidic cooling method to automate laser ablation in L1 worms. The authors used a two-channel device that enabled capture/unloading in one channel while surgery was performed in the other. When an animal was immobilized through cooling, a z-stack was acquired using a 100× oil-immersion objective. Image processing methods were used to identify the AWB olfactory neurons, and two neurons were ablated per animal. The system was capable of ablating neurons at a rate of 110 animals per h (33 s per animal) with a success rate of 89%. The authors then used these animals to study the neural mechanisms of chemotaxis behavior.
Advances in optics and microscopy have improved laser microsurgery using UV lasers such that very precise ablations are now possible. Allen et al. (98) used the tapering channels developed by Hulme et al. (41) to study the effects of single-synapse ablation on the development of HSNL motor neurons, which have been used previously as a model for synaptogenesis studies. Microfluidic immobilization methods allowed continuous imaging of synapse competition following synapse ablation. Traditional anesthetic methods had necessitated that animals be recovered following ablation, which had limited the number of images that could be captured.
ZEBRAFISH
Technologies for Phenotypic Screening of Zebrafish Inside Microtiter Plates
One of the key advantages of using zebrafish for screening is its simple culture. Owing to their small size and ability to develop without food during their first week, zebrafish embryos can be raised inside 96-and 384-well plates, allowing the use of standard liquid handling techniques. Early screening methods have been based on in-well techniques, where embryos are manipulated and imaged inside their respective wells. Multiwell screens have been used to study drug-induced toxicity to analyze hepatotoxicity, cardiotoxicity, and toxicity affecting development (99) . Similar techniques also have been developed to identify compounds that produce models related to human diseases such as Long QT syndrome (100), hair cell toxicity from heavy metals (101, 102) , and developmental neurotoxicity (103) 
Technologies for Phenotypic Screening Outside Microtiter Plates
Although in-well screening allows toxicity-, genetic-, chemical-, and behavior-based screenings, there are significant limitations in the complexity of assays that can be conducted inside wells. First, zebrafish are localized and oriented arbitrarily in the well. Visualization of key organs in zebrafish is thus blocked by organs such as the eyes and the yolk sac or by the skin pigmentations. This lack of optical access to the entire animal seriously limits the type, quality, and quantity of phenotypes that can be scored in multiwell plates (107) . Second, standard methods for manipulation of the larvae in the wells are limited to manual techniques such as orientation and movement of the larvae using forceps or similar tools. Recently, special multiwell plates with 45
• mirrors in each well have been developed for imaging zebrafish larvae at multiple angles inside these wells; however, larvae still need to be positioned manually. In addition, owing to the large distance between the sample and the objective, only air-objective lenses with a long working distance can be used. Such objective lenses have numerical apertures that are too low to allow their use for high-resolution imaging or for confocal microscopy. Optical manipulation techniques such as photouncaging (108) (109) (110) (111) (112) (113) (114) (115) (116) , photoablation (117) (118) (119) (120) , and femtosecond laser surgery (90, 107, 121) are similarly not feasible. These limitations have motivated the development of new imaging and screening tools to handle the animals outside multiwell plates.
Flow cytometry and capillary techniques.
The small size of early-stage zebrafish permits the use of flow cytometry techniques. The makers of the COPAS Biosort described in Section 2.2.1 also make a product, the COPAS XL, with larger-bore fluidics that enable rapid 1D fluorescence profiling and sorting of zebrafish eggs, embryos, and hatchlings.
Small capillaries also are used to immobilize zebrafish larvae outside microtiter plates. This facilitates optical access to the entire fish because the region of interest can be positioned closer to the objective by rotating the capillary. This orientation also allows imaging of regions that might otherwise be obscured by intervening organs or skin pigmentations (e.g., the hindbrain is blocked laterally by the eyes and anteriorly by the heart). Buckley et al. (122) used capillaries to orient zebrafish in order to visualize olig2 positive cells responsible for myelination. In this setup, the capillary is anchored to a movable stage and is submerged in water to reduce optical aberrations from refractive index mismatch. A more recent study by Petzold et al. (123) used a similar system and tested different materials for their capillaries to further reduce the index mismatch, although image quality was low owing to autofluorescence and distortion by the type of capillaries used in this study.
Capillaries also can be used for animal husbandry. Funfak et al. (124) used a long Teflon capillary to house embryos for long durations (5 days). By inserting a bubble of air between each embryo, they were able to divide the tube into fluid segments where embryos could be raised independently. Creating such separations also allowed the use of different chemicals in each segment and permitted the study of the effects of chemicals using small volumes. Using this technique, they raised 260 larvae in a single tube. Fluid-segment techniques offer a compact means to store larvae, but they also limit access to the animals and prevent exchange of media and chemicals.
Microfluidics for zebrafish embryo culture.
Although zebrafish embryos/larvae are small relative to most model organisms, they are still much larger than single cells or C. elegans. This larger size precludes the use of most microfabrication techniques, and to date there are only a few examples of microfluidic devices for zebrafish. One example is the work of Shen et al. (125) , who developed a simple microfluidic chip to expose a single zebrafish embryo to a variety of cytokines and growth factors and to analyze their effects on development. Their device consisted of a bilayer PDMS chip that had a thick layer and a thin layer. The thick layer had a funnel-shaped feature that stably held the embryo, whereas the thin layer contained a microfluidic channel to expose larvae to chemicals.
3.2.3.
High-throughput zebrafish manipulation for cellular-resolution phenotyping, imaging, and screening. As discussed above, multiwell plates are appropriate for large-scale culture of zebrafish larvae over long durations of interest, but it is not possible to perform high-resolution phenotypical studies on zebrafish within such wells. Recently, we developed a complete HTS High-throughput cellular-resolution imaging and screening platform for zebrafish (107) . (a) Screening platform overview. Larvae can be loaded from and dispensed to either multiwell plates or reservoirs. A detection system using two light-emitting diodes (LEDs) and a photodetector distinguishes zebrafish from air bubbles and debris. platform capable of performing cellular-resolution imaging and optical manipulations of zebrafish larvae. The platform automatically loaded larvae from multiwell plates and placed them inside ultrathin glass capillaries under a dual upward-inverted high-resolution high-speed confocal microscope (107) (Figure 6) . A set of stepper motors rotated the capillary for rapid orientation of the larvae, enabling cellular and subcellular structures in zebrafish to be visualized at all angles. Monitoring scattered light from the capillary by a system of LEDs and a photodetector allowed tracking of the fish as it moved from the multiwell plate into the capillary at high flow speeds. This detection system also was capable of robustly distinguishing air bubbles and debris from fish. The speed at which the larvae were transferred through the system was dynamically modulated; this minimized damage to the fish. The overall time for the entire process (i.e., loading, positioning, orienting, imaging, dispensing, and moving the stage to another multiwell plate) was less than 35 min for a 96-well plate with one fish per well (less than 20 s per fish). Using this platform, we were able to obtain cellular-resolution images in 3D at high speeds, and we used these images to demonstrate sorting of larvae with mutations in retinal axon guidance pathways. This system also allows straightforward incorporation of many optical techniques such as photobleaching, photouncaging, photolabeling, photoconversion, and laser microsurgery. In particular, we showed laser axotomy of neurons by focusing a femtosecond laser onto a target axon and performing subsequent imaging of the regeneration of severed axons (107, 121, 126) . These capabilities are sufficient to perform even the most complex image-based assays with high throughput as well as advanced optical manipulations.
Rapid Injection of Zebrafish Embryos
An advantage of zebrafish is the relatively large size of its single-cell embryo. The zebrafish embryo measures approximately 700 μm in diameter and is in the single-cell stage for approximately 45 min following fertilization (127) . This gives a window of opportunity to inject genetic material using a micropipette to generate mutant and transgenic animals. Microinjection is commonly performed manually by an experienced researcher using a micromanipulator and a stereo microscope. This limits the use of injection in large-scale assays. In 2007, Lu et al. (128) developed an automatic system for batch microinjection of zebrafish embryos. Image processing methods allowed the system to guide the micropipette needle to the center of the embryos automatically. A piezo-resistive material was used to measure the microforces generated by the entrance of the pipette through the chorion and the cell wall (see Supplemental Figure 1 ; follow the Supplemental Materials link from the Annual Reviews home page at http://www.annualreviews.org). The authors were able to guide the needle into the singlecell embryo rapidly and inject genetic material automatically. Other groups also have developed systems with variations in both the capture of the eggs and the image processing algorithms, achieving speeds up to 15 embryos per minute with a success rate of 98.5% (129, 130) .
Optical Manipulation of Zebrafish
The optical transparency of zebrafish larvae allows a variety of optical manipulations to be performed. With the high-throughput zebrafish screening technology we discussed above, these techniques also can now be performed on a large scale for complex genetic and chemical screens.
Laser ablation.
As with C. elegans, ablation of single cells or an area of cells using UV light is a widespread technique in the zebrafish field. By pulsing a UV laser focused on a particular region of the fish, sufficient energy can be delivered either to eliminate a cell or group of cells (117) (118) (119) (120) or to locally heat them (131) . The systems usually are composed of a ∼440-nm pulsed UV laser coupled to a conventional microscope. In early embryonic stages, UV-laser ablation can eliminate a particular set of progenitor cells for developmental studies (117) . Laser ablation has been used in developed larvae for various purposes. Yang et al. (120) damaged melanocytes at the surface of the embryo with a Q-switched neodymium:yttrium-aluminum-garnet dermatology laser and later visualized their regrowth and regeneration. Other studies have combined the use of laser ablation and functional assays to investigate neural pathways by studying loss of function after precise ablation of neurons in fully developed larvae. In 1999, Liu & Fetcho (118) ablated Mauthner cells (132) in the hindbrain to demonstrate their functional role in rapid escape response. Similarly, in 2003, Roeser & Baier (119) ablated the optical tectum of developed larvae to investigate its role in optokinetic and optomotor behavioral responses. UV lasers also have been used to heat targeted regions of zebrafish to locally induce genes under the control of a hsp70 promoter (131) .
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Femtosecond laser surgery also has been used on zebrafish for higher-resolution ablation deeper within the tissue while eliminating out-of-focus tissue damage. As discussed in Section 2.4.5, we previously demonstrated use of this technique to study neuronal regeneration in C. elegans (91, 92) . The local nature of this process enables its use for dissections and surgery on in vivo samples with high repeatability and low collateral damage, and the process has been used in the zebrafish community to sever individual branches of peripheral axons as well as nerves in larvae. In 2009, O'Brien et al. (121) used two-photon imaging together with femtosecond laser ablation of peripheral axons. Combining imaging with axotomy using multiphoton microscopy can be achieved using commercial systems, but the cost of a commercial multiphoton system is limiting for many laboratories. Another approach is to introduce a femtosecond laser beam in the optical path of a standard fluorescence microscope and align the planes of focus to simultaneously image and target the region of interest as we described previously (126) . Zebrafish is a powerful model for regenerative biology, and we recently showed that femtosecond laser microsurgery can be used in a high-throughput platform for large-scale genetic and chemical studies of in vivo regeneration in zebrafish (107) . As discussed above, we have used femtosecond laser microsurgery to perform large-scale in vivo regeneration screens in C. elegans and identified small-molecule enhancers of neural regeneration (32). The authors showed that the Bhc-caged mRNA underwent photolysis (i.e., became uncaged) when the molecules were excited with UV light (∼350 nm) and that the uncaged RNA strands became translationally active in comparison with their Bhc-caged counterparts. By injecting Bhc-caged mRNA encoding GFP in the one-cell embryo, the authors were able to keep the GFP expression silent until it was stimulated locally by UV light. In 2005, the same authors used photouncagingbased gene expression to study the local effects of Lhx2 and Six3 in the development and growth of the zebrafish embryo's forebrain (109) . Using similar techniques, several groups have reported the uncaging of morpholinos, demonstrating spatially controlled gene silencing (113) (114) (115) (116) as well as uncaging of small molecules such as signaling factors (112). (134) . Kimura et al. (135) used alx:Kaede to study spinal cord development and determined that early-born alx-type neurons are located more dorsally than those born later. Exposure of cells to UV only during development causes any new Kaede proteins expressed after the illumination period to preserve their original green color. Thus, cells without any red protein showed those that differentiated into alx neurons after the time of illumination. Scott et al. (136) performed an enhancer trap screen using GAL4 to drive expression of Kaede linked to the upstream activator sequence. This allowed labeling of specific tissues with the unconverted Kaede, and when the Kaede was photoconverted, the morphologies of individual neurons within the tissue were identifiable. Similarly, McLean & Fetcho (137) studied the development of the spinal cord processes in the developing larvae. Another photoconvertible protein, Eos (138) , also has been used to analyze cell lineages emanating from the zebrafish neural crest (139).
Imaging of Zebrafish Larvae
The optical transparency of zebrafish larvae allows visualization of complex processes both superficially and in deep tissues. Standard optical fluorescence microscopy suffers from out-of-focus fluorescence and is limited for most imaging purposes. Examples of complex phenotypes requiring advanced imaging methods include measuring variations in the number of cells in specific populations (8, 140) , variations in axon guidance (141) , variations in dendritic formation (142) , and variations in neurogenesis (143) . In addition, high-throughput screens require high-speed imaging technologies. In this section, we outline a selection of imaging techniques for these challenges.
3.5.1. Confocal imaging systems. Laser scanning confocal microscopy (LSCM) is commonly used for high-resolution 3D in vivo imaging. A laser is scanned through the specimen to excite fluorophores, and the emitted fluorescence signal is filtered by a pinhole located in front of the detector, which rejects the out-of-focus signal by selectively letting through only the photons emitted from the imaging plane. This allows imaging with high axial and depth resolution; however, LSCM typically suffers from low frame rates. The frame rate of LSCM also can be increased by using resonance scanners that reach scanning frequencies up to 16 kHz, but image quality significantly degrades owing to reduced signal-to-noise ratio.
Spinning disk confocal microscopy permits faster imaging through the use of a spinning disk with multiple pinholes arranged in a rotating array. This creates multiple scanning points in the specimen plane that, together, completely scan the sample with each turn (i.e., multifocal excitation). Sensitive electron-multiplying charge-coupled detector (EMCCD) cameras typically are used to detect the light emitted back through the pinholes, which image the entire field of view at once. Conventional spinning disk confocal microscopy suffers from the lack of sufficient laser power per focal spot of the multifocal excitation beam. The Yokogawa spinning disk confocal microscope overcomes this problem in excitation efficiency by using another disk with microlenses in parallel to the pinhole disk; this allows efficient collection and collimation of laser excitation. Although spinning disk confocal microscopes have high frame rates, they suffer from decreased axial resolution owing to the use of large pinholes. New confocal technologies overcome this challenge by using variable pinhole arrays in combination with laser scanners. This configuration allows video frame rates while achieving depth resolutions similar to LSCM in weakly scattering media. A common challenge with all of these multifocal excitation schemes with respect to LSCM is the crosstalk between adjacent pinholes, which becomes a significant problem particularly in scattering tissues.
Structured illumination can be used to achieve optical sectioning as well (144, 145) . This technique allows high-resolution video-frame-rate confocal imaging at low cost. However, the post-processing required to generate the optically sectioned images is sensitive to saturation and noise and can introduce unwanted aberrations that make image quantification difficult.
3.5.2. Two-photon microscopy. In zebrafish larvae, beyond depths of a few hundred micrometers, optical scattering becomes significant. As a result of this, both the resolution and the image quality of confocal microscopes rapidly deteriorate. Two-photon microscopy has a deeper penetration and imaging depth than confocal microscopy, which makes it a powerful tool for imaging the zebrafish nervous system. Two-photon microscopy requires the use of ultrafast pulsed lasers to www.annualreviews.org • Technologies for Small Organismsachieve the photon densities necessary for efficient multiphoton absorption. As in LSCM, the laser beam is scanned over the sample, and the emitted photons are collected by a photomultiplier tube (PMT). Because it is a multiphoton process, the fluorescence excitation occurs only at the point of focus; therefore, all the emitted light can be collected. However, there are two disadvantages to two-photon microscopy in general: lower scan speeds and high cost, which are significant limitations for high-throughput assays as well as for imaging fast processes such as neuronal activity by Ca 2+ imaging. The scan speed is limited by the ratio of the single-photon absorption (which heats the sample) to the two-photon absorption (which produces the fluorescence signal). This ratio can be improved by increasing the laser pulse repetition rate. One technique to increase pulse rate uses passive pulse splitters that divide, delay, and recombine each laser pulse, subdividing each pulse into a pulse train. This method increases the overall intensity of the fluorescence signal without compromising the thermal integrity of the sample to achieve a higher signal-to-noise ratio, enabling faster imaging rates (146) . Another approach uses multifocal laser excitation to scan the sample rapidly while collecting the light onto a PMT array or an EMCCD camera (147) . This can significantly increase the frame rate but sacrifices the signal-to-noise and imaging depth owing to the crosstalk among adjacent PMTs or CCD pixels.
3.5.3. Light-sheet microscopy for high-speed imaging of zebrafish. Light-sheet microscopy is a technique that enables rapid imaging of whole zebrafish. It eliminates the out-of-focus signal by selectively imaging individual planes rather than eliminating it through optics (148) (149) (150) . The sample is illuminated from the side using a plane sheet of light, and the fluorescence signal is detected with an objective located orthogonally (Figure 7) . If the excitation and collection of light are decoupled, the axial resolution can be improved to 6 μm from the 20 μm of conventional fluorescence microscopy. Furthermore, out-of-plane photobleaching also was reduced because only the plane of interest was illuminated at one single time.
A possible disadvantage of this method is that, when dealing with scattering samples, the illumination-and hence the axial resolution-is not homogeneous throughout the imaging plane. Huisken et al. (151) solved this issue by embedding the sample in a rotating capillary and acquiring image stacks at a variety of orientations. Image processing enabled a tomographic reconstruction that partially compensated for such aberrations and the loss of signal that occurred with increasing
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Figure 7
Schematic representation of light-sheet microscopy (148) (149) (150) (151) (152) (153) (154) . The sample is illuminated from the side and imaged from an orthogonal plane. A thin plane of fluorescence excitation is achieved by a cylindrical lens, which prevents out-of-focus excitation and emission.
penetration depths. The authors also demonstrated the effectiveness of this technique for imaging opaque internal organs, such as those of Drosophila embryos and zebrafish larvae. The same group later described advancements of the technology that allowed rapid scanning of the light sheet using galvo scanners: Keller et al. (152) used this method to follow the development of the zebrafish embryo by simultaneously imaging and tracking 16,000 cells with their system, imaging the entire embryo every 90 s. Image resolution was improved by the use of structured illumination, achieved by modulating the plane illumination through a moving microgrid (153) . The combination of light-sheet microscopy and structured illumination yielded higher resolution owing to the elimination of the specimen-related scattering signal but increased the acquisition time threefold. In 2010, Keller et al. (154) improved this method, allowing the selection of multiple phases by replacing the microgrid with an electronic modulator, thus increasing both the acquisition speed and imaging resolution.
Whole animal blood-flow imaging.
Zebrafish is well suited for studying cardiovascular development and pathologies. The zebrafish heart starts beating 22 hours postfertilization (hpf ), and the cardiovascular system is fully developed and functional at 36 hpf (while the larvae are still highly transparent). Owing to their small size, zebrafish larvae do not require circulation for several days. This allows researchers to test drugs and compounds that lethally affect the cardiovascular system without killing the animals. Conventional methods to measure blood flow involve highspeed imaging and single-cell tracking; however, these are too unreliable and computationally intensive for large-scale genetic and chemical screens. This has prompted use of other imaging technologies such as speckle imaging and optical Doppler tomography (155) .
Laser speckle contrast imaging uses the statistics of image speckle. A laser reflected on stationary particles creates high-contrast speckles, and when the particles reflecting the laser are moving, the speckle pattern changes. In images with long exposure times, the contrast of the speckles reflects how stationary the particles are at that location. This allows direct quantification of the flow at the image plane at any orientation (156) , which significantly reduces the computational cost for image analysis and also reduces the speed requirements for image acquisition by the camera.
Another technique recently developed for the study of blood flow in the zebrafish larvae is Fourier Domain Optical Doppler tomography (FD-ODT) (157) , which is based on the principles of optical Doppler tomography (158) . Using a FD-ODT system with two beams, Iftimia et al. (157) were able to measure in vivo the blood flow in zebrafish larvae independently of the vessel orientation. Using this method, they measured the blood flow in different regions of the larvae, including the telencephalon, the notochord, the branchial arches, the retina, and both chambers of the heart. This demonstrated the viability of their technology for accurately measuring blood flow with high resolution, which is important for studies of cardiovascular pathologies.
3.5.5. Measuring neural activity using calcium imaging. As with C. elegans, neural activity in zebrafish can be measured in vivo by imaging calcium transients using injected or genetically encoded calcium indicators. Higashijima and colleagues (159) expressed the calcium indicator cameleon in zebrafish sensory and spinal cord neurons. This was the first demonstration of the use of a genetically encoded calcium indicator in a behaving vertebrate. Calcium imaging has been used to study zebrafish olfaction using both transgenic animals (159) and injected calcium indicators (160) . Niell & Smith (161) used a miniature liquid crystal display to provide high-resolution visual stimuli and simultaneously measured calcium transients in the tectal neurons using two-photon imaging. This allowed the authors to measure the rate of development of several characteristics of vision in zebrafish.
www.annualreviews.org • Technologies for Small Organisms3.5.6. Label-free nonlinear microscopy. Label-free nonlinear microscopy (LNM) offers another method for whole-animal in vivo imaging (162) . LNM takes advantage of the nonlinear optical properties of the sample, specifically the second harmonic generation efficiency of microtubules and the third harmonic generation efficiency of lipid-water interfaces. In LNM, the sample is illuminated by scanning an infrared laser beam (λ ≈ 1,200 nm) as in two-photon microscopy. As the laser light passes through the specimen, some photons enter harmonic resonance at the positions where second harmonic generation and third harmonic generation are high and leave the sample with their frequency doubled or tripled (i.e., at the locations of microtubules and lipidwater interfaces, respectively). The locations of these structures thus can be found by filtering and detecting photons via multiple detectors. As this approach is dependent only on the intrinsic optical properties of the specimen, there is no need for fluorescence labeling, and it therefore makes LNM a useful technology for in vivo imaging of embryos without the need to produce transgenics. In 2010, Olivier et al. (162) first used LNM to study the development of zebrafish. They imaged the first 10 cell divisions during embryogenesis, and, by segmenting the cells, they were able to track cell lineages. Using LNM, they were able to image entire embryos with 2 × 2 × 4 μm resolution within 80 s, without the use of fluorescence markers.
Another label-free imaging technique used for zebrafish larvae is CARS. CARS is a pointscanning technique that can detect the vibrational emission frequencies of the molecules within the specimen by exciting their vibrational states and stimulating their emission via a third-order nonlinear process (163) . CARS microscopy therefore can be used to visualize, without labels, molecules with particular vibrational signatures such as lipids (164) . The cellular storage of lipids in vivo in both zebrafish (165) and C. elegans (55) has been visualized using this technique. In 2010, Johnston et al. (166) used CARS microscopy to image the uptake of metal nanoparticles in zebrafish, demonstrating the use of this technique for toxicology studies.
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